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H iR 98.23%, S M Bim K T 0 R A AR IR [T 8 PR 40T b B WP ) 8 (100~110 mg L),
B B R AT 3K 90%, 28 ki 42 N 0.5~1.0 mm, 45 H A [ 500~550 kg & 2 47 FH A 4 b AE K .
MAVINIC % F i S N #8540 335 7K T 15 e DR BT il ol LR T8 90% UL by RS
FE A 45 i ORI R © A B A S B T AR R T, (AR AR TR 7E S 3 25 ) T2 AR i (pH L
BT, AR | AR B TAE) MRS T D, s 6 R AR L AL TEA L SRUTEY .
AU T, EEESE) MRS 0 E N S35 SR E P AL E s, TR N
B,

AR 5 ) FH 488 R AR rpois O Ak PR B g (b BRRRAR Oy 25 m?-d ) X skt Ye DR A R B 5 1 L v
WHAT T N, XN R) 35 FR I R F 09 5 28 4 25 G sonn dE AT T IESE, JRXEBORLEN BT (kAR Ll 3
UUWEYI AT . AALY & . EER SR 1T T RGN, BRI T AU a0, IR 5
FAENE R AR SRR
1 MR5ER%

1.1 KKK

ARG S50 % G2 o AL 5 e T rb il J b A B Ak s Al T U TR SRR IS TS 8 BT VR, 3L
H1POI-P Jii 2 ¥k JE O (50.54+0.33) mg-L ', NHI-N Jii & ¥ 0 (32.06£0.20) mg-L™", Ca®Jii & ¥ J& ly
(96.24+1.60) mg-L™' . Mg i k¥ J& hy (42.41+0.13) mg- L', SZIG 43 54l 7S 7K & 5046 B (MgCl, 6H,0)
AL (NH,CL A A S BE A AR, %1 0.3 mol- L' & A AL SN IR WAE R B IR . ik 2 70 4l B 24
Takg,

1.2 LWREEET

BEEAS BRI R G (K DB SR S5 e b5, ke 3 24 48 it A IR S A
T UTTEM . pH FER MR R G A H SN2 AR50 4585y o Hovb, AR BN 25 th B4R il i, N 2%
FEAR N B2 T4 AUE X . e KK, IR X . #FKX, SRR 10001, & 3.70 m,
AbFRAR S 25 m?-d o V5 U8 LV TR U AR R ISR R RN £, AE HE K X5 A e A B TR A A TR
B, AN NaOH ¥ WO/ E 2 BT 75 B2 - 4k 1 5 4% 0 A 5 26 R 422 fh 52 1 o B & 07 B 3R AT
AR B RS B K, B s IR T K AR DT R B2 IS8 . R0 ¢ b ks 17, B4~
3Rk 36 h, 4B 6 h Bk K ok IR

K, WSEPOT-P. NHI-N %45 bR vk BE . IE M

B K 2 L PR s 3 W FE % i
SR R, W LAl AR . JF 46 i " L

e L Y R ey LIEy S PHEGH e ] |4 )"
ZEWALIR, FLEFRIE T, A SCHITRFE 455 v N 4
ARG R B AT LA IR (45 5 ko %

2 i TS /N S ) R 1 T T T | o
PO G R R G BR IO, R R R 2855 e eon ‘m A
TR 9 36 h, PR S N A% 4% B T EE R L I ok
POY NH::Mg=1:6:1.1, 3% DP5000 % pH [ i —

145 X (Milton Roy, 3 ) 4 #5 2 7 28 14 pH X [%Q -

N 0. > /=1 /ﬁ D37 ST 4 a1 e —
ﬁiolﬁﬁﬁf?yaﬁ%%Lfmﬁ%@(mg B 1 MAPZBRK IR EEREE
LE Yl (q:i/“j RS (340+20) pm), LA 2 MAP Fig. 1 Schematic diagram of the pilot-scale struvite
A 458 o o 2 120 pellet crystallization system
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PO3-P R JHARBH BT 70 Ve B B0 % (UV-754), NH;-N & FH 48 FCAR 7 43 ' ' BE vk & WV%Q
Ca™ . Mg™ 55 &)@ B 1 R F M JBG & 55 & 7 & 59 o6 3% {1 (ICP-Agilent-720ES) I =& , A3 #IL ¥ i
(TOC)™ 2R H TOC AL (45 TOC-V pyy) T E 5
1.4 MAP RRFMESE

B3 0 4 B N AR YE S (1) ST

Mwmap = —CN Vi ]Z: Myne 1

KA e pyap WEEEAWAE; Cy 8 MAP B 5 AR FNH-N W B, omg L5 VR E AR BIER, L
My N N R EE/R TR, gmol ™'y My, NS FEAREE/RBiR, gmol's m, i MAP FEM BB R, g

B YRR A D7 A R - IR S A R ST S AR LR T i my, ZJE SRS
[F] H 5500 07 1320 2 0 T 28 0k, O 0 445 SRS 20 ) PR A TRk A X ) ) 5 3 T my, TP
KA AR =0 (2) HEAT AR .

o35t

K. p VPR, mm; a. b, WAARXEHFHE, mm; o, ARSI DX B HS0RL ) 5T 8 5340

FIFHHHE B 7 58S (SEM, 5 PHLIPS-XL30) F1 X 5 2k f77 5 (XRD, %! D8-Advance) Xf 1%
FEAOWORL AT IR 2800 s A X ST 5901635 (EDX, #1% PHLIPS-FD-1C-80) Fll 4 & 5t 1% (H 5
RamSpec-1) Xt & 3 Wik AT 4053 53 Fr 5 SR visual Minteq3 B4 %) & 28 A IR T e ¥ HEAT B30 407
2 #ER5iTE
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(I 2(b)), P34 LBR BN 147%, H 32 )F N2 dF K Ao . M@ R BRI 6 h iy
47.1% R % 18 h 119 40.5% (K1 2(0)) s ZJ5 PR FARFFRRE o Ca® 2 B 2 Bl A S5 7 B[R] fg 185 i &g I
( (2d)), HHIV 6 h [ 55.4% % % 36 h 14 26.8%, 7K Ca® ik & B [ W i (8] 5 4 K i 38 m . | e ml
W, i G2 A SR EOR R G s T RO, BERICRE &, ATk F] 95% A .
2.2 iR MAP Fikl f RFTAE

1) R AR S A (I . AN TR SN IR R) T 5 36 40 R AR 5 4l B AN 1 FT7R o Bl 2 IsF [ia] %) 34
B, MAP =8y i S ki 42 B i i K, B 6 h 7Y 0.340 mm 59 % 36 h (1 0.563 mm, fix KRiF2 N
1.4~236 mm, SIEARE B MEER (K 3) R, MAP K125 1i 7E 0.043~2.36 mm, L 6 h [
MAP %712 £ Z A E 0.15~0.65 mm, JZJW 36 h i, MAP Rife EE /M 7E 0.27~1.4 mm, X — it
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ﬁ RRER, MERMREHGHE M, X R B (R, A R T YE R SR A RO, 5 S B
FAGIA A B 5 S AR KBS, R /N R AT BRI LR AL, AR &A™, ik MAP i
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Fig. 2 Influent and effluent concentrations of each component and their removal efficiency
R 1 T[RRI BT MAPHRLE Fl 4k & 100
Table 1 Crystal size and the purity of MAP at
different reaction time 80
e AN EIN F-Hphifg/mm ORI /mm 4l /% S
6 0.340 1.4~2.36 89.3 N
5 0
12 0.449 1.4~2.36 89.7 Bk
18 0.453 1.4~2.36 90.4 20
24 0.486 1.4~2.36 90.2 0 . ) ) L )
0 0.5 1.0 1.5 2.0 2.5
30 0.538 1.4~2.36 90.1 AR/ mm
36 0.563 1.4~2.36 90.3 B3 LERRERRATM

Fig. 3 Cumulative distribution of struvite pellet size
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AR, 5 CHO E" B 5% 45 B2l . W0kE 3R
BOREE, fELEME D . 5000 £ 5K B W] L
T T R AN B

3) MAP 3T TEY) 534 . A visual Minteq3
B G Fe A L UTTE Y #AT T 0. RS R
F B, TG ¥ B R 5 (ACP, Ca,(PO,), xH,0).
BRIRES (CaCO,). Mz f1 (CaMg(CO,),). FRILME
JK A1 (HAP, Cay(PO,),(OH)) %5 %% Jit Il ¥ A% SI{H
Sy 51k 347, 0, 1.03, 1138, 0, ¥ KRFHT
0, "RES &3 A L FVIE T ROR b . SR,
LANDP (i 58 45 SR R B, A i E a1 1
. WREEAM T, B AL T i Ak
A, CaMg(CO,), UL ¥E L JC 74 ¥ il . ABBONA
AU BB 5E & B HAP £ 52 B9 h Mg i 1
il e LU R OE . e, SEPR B3 A LT
Y R4 A CaMg(CO,), Fl HAP.

R B E AR AR 25 R, KR 2RISR () MAP
Wik 54T T EDX 0 #T . EDX WP oo 1 2 & 5
Mres Rk 2 ffian, Bk &HA C. O, Mg,
P. Ca%IuH: . PUR @ EE R FEER I Ry 1252,
XT L4l MAP 45 25 B2 R [ (P:N:Mg=1:1:1),
XU B MAP 81, A — 82 B8 B T FL AT
UE (ACP %), Ca W5+ H 43 HALH 1.36,  BLW]
MAP Ui A7 78 2D 8 1 85 58 24 it (ACP. CaCoO,
=38

i B B9 UE EDX 45 5 0 XK 19 MAP it
RHEAT T PO A, AR R, B2k
A RAETE 4 D hi2 RN, 4351k 950 (PO,
XTRRIHZR) . 565 (PO, I ATFR{HI4E) . 1440 (NH,-v,
4 4R ) 1700 cm ' (NH-v, 46 R 3) . BRIR
B (14 % 3 A B 43 ) ok 283 713 1 1 086 em !,
T MAP S 2065 an 16 6 s o &l 6 AT
PLE A, i S 3 4R 3h i 20 5 564, 948
1451, 1687 cm™, #H Lt T 5 28 £ 4 1fE I 2l
FEAEME o PO, A Vi vy v, 53N FI B8RS+
W 5 A 950, 435 Fl1 565 cm™', v, H T4,
WO AN P, SEPR S 2 v, (PO,) FH 435 cm™
I #% &= 437 cm™', v, (PO,) H1 565 cm ™' i # =
564 cm™, X U HH MAP URL & A H At 85 DT
€. %454 Minteq3 A BALL A EDX Y 55 40 53 Bt
gE LRI, ACP o MAP WUk p9 L VT iE Y .

BT R MAPE

|l||||| TRl BT 1
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Fig. 4 XRD patterns of the harvested struvite pellets
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Fig. 5 SEM images of the harvested struvite pellets
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Table 2 Quantitative analysis of MAP by EDX
JLE HHEE 5T % S 53 /%
C 7.23 11.58
47.25 56.79
1.86 2.56
Mg 13.92 11.01
P 26.91 16.71
Ca 2.83 1.36
B 100 100
3115

0 600 1200

1800 2400 3000 3600
WeE/em™!

6 MAP Fukihi 8 ik [E
Fig. 6 Raman spectra of MAP pellets
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DUUENR 814 295, 771, 1052 cm™ 4 CaCO, PR ahI4, X Ui B MAP FUk: & 4 i R E5 DL TE

BT 5280 . CaCO, JRaNEZ 4, hiZ GikE Lif4 1568, 2339, 2950, 3115 em ' R 3h
U . A4l DOLLISH 45 ™ Xt A ML4 i Fir & 4k sh A Je 45 5, S ke 28 C—H 1) 32 BE R 8 1 7 2 700~
3000 cm™, C—C 8 EZAE 950~1 150 cm™, WER WP 2OGIEIR SO S 5 b Il B 2R
fEIETE 1 100~1 800 em ™", 7R K AT AR W) (%) r 2 R 57 0 32 BEHE 3 000~3 100 em ™o 33 156 FH I A & T o
oo BE . ERS . TR N HAT AW SRR A AL AE MAP 45 ol AR 5 S 3 A LU0 . RYU SRR
R ZEAVIE S FBER ALY LB, IWMBEL T S 3EA ML . PING S w5t & B, 151
T rf SS 23 B AN ZE S AT ML ik A MAP ki, PRAAUERBE VSRR AY SS A s, Nk, nrE
WAL B SS A Ze A7 . X R 44 i ] BE MAP UKL Y TOC 1l 58 & 31, MAP Fiki v A ML) &
wED, TOC &8 HM 1.2%.

4) ki E 4 B Hr . 4 (Pb). K (Hg). 4% (Cr). T (As). 4% (Cdy 42 5 R AR 3 Ky &
&)@ XUEHE 4 E T LGE S YR A IR ORI ELR X s Al R AR S R R . R K
F1Pb, Hg. Cr. As. Cd 5 EEEAEL M Bl 68 5 & 28 ALty D B AR et vE 9 1)
g, BHMR S AERER EAIE, RS RAL A IR & B K. EEEE TS5
Gl LIEW PR ERMS G, RS 38U, NEGM 5P b5t & L 48 &) 5 H L
WES, BANMEASIEA, Bk, 1SR EWEETWES RS T e S 3 A8 Bl B rh ik A
MAP ki p, 752X ik MAP ok; op 8 48 & b AT I o Hoik MAP B0k o 1) B 4 R & s R
g 3 AR, MR 30 0L, MAP Jikr P 4 R i I, Hg Ml cd kR, Pb, Cr il
As P BT ECR /N, B/ TR R E AR HE R (E (GB/T 23349-2009), 3 i B 3 3 £k R [mT i 1
MAP F5URE AT B3 1 NSCR AN (B, AN AEAE PR VE NE AL BT 3 4 i V5 % 9 XU
23 ZFPW

B 3 2 b ORI DT Ul e s R
WERRER (32T AR T BT BN 245 75 35,

*3 EBRFEERBERES MAP BN EEEBXTLL

Table 3 Comparison of heavy metals content in struvite and

i B3O ek g s fT TR A, i} heavy metal limits in fertilizer

15 PR BT M 0.48 kg B ¥, A % P % M AR B (/%
H [ Tl 9% 25 71 i 48 (NH,C1 2R 1 200 JG -t Pb 0.004 3 0.0200
MgCl,-6H,0% 800 JT -t'. NaOH & 2 500 JC t™) Hg — 0.000 5

DA 5 38 0 1 T 37 M i (1 760 6 ¢ 10 ) b Cr 0.0042 0.050 0

PR 5 P8 IR AT b T RO AR S 0.46 JT As 0.000 9 0.0012

(R 4). FELPRZE B A, #5543 XF 4 NH;- cd — 0.001 0

N. Mg™ &t d, 2GRS ARE AL, D4 & T FR AR

BEEALE MR AT s . LAk, SHU 4§0Y =4 hiRZEREE S
RYBTEFERIWT, SR B 28403k TS e IR AU TH Table 4 Analysis of reagent costs in pilot scale test
B R AT LAY A8 T TR A AL B AR (1000 - B SRR LARAE
m’-d REBRRUA A5 KRR 0.26 3Eo6-d ) s ) Bemitke  BGEY
FIPR 5 2 TR S 300 3 A0 R A T N 2 NH,CI 1200 0.52 ~0.62
(1 000 m*-d™" &b BEELAL A9 75 K | B K14 4.0~ MgClp-6H,0 800 0.39 -031
19.9 £I0-d ™). B2k Ml b3 W i gt ml NaOH 2500 0.15 -037
D% i DR Bt HE = B0 K AR 8 SR AR ) 384 1760 0.48 +0.84
MOLINOS %P 3 5%+t #% 09 7 53+ 5845 it ~0.46

DRI BT R HERL 1 kg RO, RIS BIRL 25 T RIS R AL
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H 42,47 BRIG . #4575 185 2 mICTs U8 R 0T A6 0 VR i 00 LA 2R B Ak s PRI A 5, SR A A
b R TE FE A T LR AT ATIY .
3 Z5ip

1) 7 n(PO; ) :n(NH}):n(Mg*)=1:6:1.1, pH=9. I K 36 h BIZFF T, #EaY I 38 3] 95%
A, AR SRR SR, AR, FLE0R 46 5 (90% KA. Bl RN [E]
MRE, ik MAP JURL ) F BPRLAR B 1 K . A2 iR MAP UKL e KORE A28 1.4~2.36 mm,

2) >k H visual Minteq3 3 {4 B0 H EDX | 7 2 0 3% 40 A7 Jr AR 25 5 0T 0. sl MAP ftk i 4t
DUEY) B RIS . ACP LI /DB ALY .

3) H1ik MAP FUkiH Pb. Cr F1 As 1 51 5 73 450430 4 0.004 3, 0.004.2 1 0.000 9, i T BiATHY [
FALNE 4 @ br PR {H (GB/T 23349-2009), Hg. Cd %5 4 )@ R4 H 4 5 4 59 DR FH M 18

4) 4bF 1¢I5 R R A TH AL B WA A R 0.46 JT, #5758 20 IS HE A 2 A ER (5K )
15 R AL FRAL B I A . THALIRAT B AR AE 205 ) OREERLEE , S A g R B AR AE 2 0% EIRATATHY

2 % X M
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Abstract In order to explore the application of struvite crystallization technology in actual engineering and the
possibility of recycled struvite as a slow release fertilizer, a large pilot-scale struvite fluidized bed reactor
(25 m’-d") was used to recover phosphorus from the enhanced anaerobic phosphorus release supernatants
derived from a sludge. treatment plant in Tianjin. Struvite crystallization at different reaction times was
investigated and the'quality of harvested struvite pellet was systematically analyzed. The results indicate that the
recovery efficiency of PO} -P was around 95%. The average crystal size of struvite increased from 0.340 mm to
0.563 mm with the increase of reaction time. The purity of struvite reached 90% and it particle morphology was
irregular column. Analysis by Raman spectroscopy, energy dispersive X-ray (EDX) and software visual Minteq3
showed that some impure precipitates of calcite, amorphous calcium phosphate (ACP, Ca,(PO,),"xH,0) and
little organic compounds occurred in struvite. The contents of heavy metals such as Pb. As. Cr were below the
limits of heavy metal contents regulated by the current fertilizer control standards in China (GB/T 23349-20009).
Mercury (Hg) and cadmium (Cd) were not detected. Therefore, the harvested struvite had good recovery and
application value. Economic analysis indicates that the cost of struvite crystallization technology for phosphorus
recovery is 0.46 yuan-t ' anaerobic digestion supernatant.

Keywords struvite; pilot scale fluidized bed reactor; enhanced anaerobic phosphorus release supernatant;
characterization of particle quality; co-precipitates
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